Objective: To report on unusual veins traversing the petromastoid part of the temporal bone (petrosal bone) and to discuss their embryological origins.
Introduction
In the early embryonic stages, the venous drainage of the head region is carried by a pair of venous channels, called the primary head sinus by Padget 1) ; the primary head sinus is situated ventrolaterally to the primitive brain and continuous to the anterior cardinal vein (future internal jugular vein). Along with the development of the dorsal secondary venous pathways (the superior sagittal, transverse, and sigmoid sinuses), the original ventral venous drainage through the primary head sinus attenuates, particularly in the area ventral to the otic capsule [future petromastoid part of the temporal bone (petrosal bone)]. The fate of the regressed embryonic primary head sinus has been a matter of great interest. Incidentally we found unusual veins in the petrosal bone, which may be the remnants of the embryonic primary head sinus. However, there is little literature on similar venous variations in the petrous bone. Here we discuss the validity of the hypothesis that those veins are remnants of the primary head sinus.
Materials and Methods
Between January 2009 and February 2015, we found an unusual vein traversing the petrosal bone on CTA, MRI, or conventional angiography in four patients (one men and three women; age range: 35-78 years, mean age: 62.3 years) during evaluations for other intracranial disorders (two cerebral aneurysms, one glioma, and one cavernous dural arteriovenous fistula). We evaluated the course of those veins in detail and the relationship with the adjacent venous structures and reviewed previous literature that had described these venous variations or the osseous and venous embryology of the petrosal bone.
Results
In all four patients, the vein was anteriorly connected to the dural venous sinus around the foramen ovale and entered the petrosal bone through the facial hiatus. With regard to the subsequent course and its exit from the petrosal bone, the vein ran through the petrous apex, exited the petrosal bone into the petroclival fissure, and entered the inferior petrosal sinus (IPS) in two cases. In one case, the vein exited the petrosal bone through the stylomastoid foramen after running the full length of the facial canal. In the remaining case, the vein ascended in the petrosal bone to empty into the superior petrosal sinus (SPS). In all cases, there were no symptoms related to those veins or other congenital anomalies of the ear or venous structures in or around the petrosal bone.
Cases

Case 1
A 75-year-old female presented with diplopia due to right abducens palsy. A bone-subtracted CTA (Fig. 1) confirmed a carotid aneurysm in the right cavernous sinus. The aneurysm appeared to be responsible for the abducens nerve palsy. Although we did not think that it contributed to the patient's symptoms, we also found an unusual vein that penetrated the left petrosal bone. It entered the petrosal bone through the facial hiatus and crossed over the internal carotid artery (ICA) in the petrous apex and exited the petrous bone into the petroclival fissure to empty into the caudal part of the IPS. 
Case 3
A 35-year-old male presented with a partial seizure of the right side of the face. MRI revealed a glioma in the left frontal lobe. An unusual enhancement through the entire length of the right facial canal from the facial hiatus to the stylomastoid foramen was found on contrast-enhanced T1-weighted MRI (Figs. 3A-3E ). The venous phase of the right carotid angiogram (Figs. 3F and 3G) showed that a venous channel from the middle fossa dural sinus near the emissary vein of the foramen ovale ran in the petrosal bone, descended the lateral side of the internal jugular vein, and emptied into the external jugular vein. This venous channel appeared to correspond to the unusual enhancement through the facial canal on MRI.
Case 4
A 61-year-old female was referred for endovascular embolization of an unruptured anterior communicating artery
Case 2
A 78-year-old female presented with conjunctival chemosis of the left eye and diplopia due to left abducens palsy; we suspected that she had a carotid cavernous fistula. The cerebral angiography revealed a left cavernous dural arteriovenous fistula that may have been responsible for the patient's symptoms. On the venous phase ( Fig. 2A ) of the right carotid angiogram, we found an unusual vein that ran from the lateral part of the cavernous sinus near the foramen ovale to the IPS. The bone-subtracted CTA (Figs. 2B-2F) showed that the vein ran through the facial hiatus and crossed over the petrous ICA to exit the petrosal bone into the petroclival fissure, and emptied into the caudal part of the IPS. The dural arteriovenous fistula was localized on the left side, and there was no shunting drainage to the right side; therefore, the dural arteriovenous fistula did not appear to be related to the unusual vein in the right petrosal bone. showed an unusual vein that traversed the right petrosal bone. The vein ran through the facial hiatus, and then ascended along the anterior wall of the petrosal bone and connected at the mid-part of the SPS. On the right carotid angiogram ( Fig. 4H) , the vein flowed to and fro along the anterior margin of the petrosal bone from the vicinity of the emissary vein of the foramen ovale.
Discussion
In our cases, unusual veins were situated in the petrosal bone. For the usual venous structures in the petrosal bone, the venous drainage of the inner ear is carried by the vein of the vestibular aqueduct into the sigmoid sinus near the endolymphatic sac, by the vein of the cochlear aqueduct into the extracranial IPS. 2) The internal auditory vein also participates in the venous drainage of the inner ear via the internal auditory meatus. It empties into the IPS, 3) the SPS or the transverse sinus, 4) or the great anterior cerebellar vein. 2) The tympanic cavity can be drained by several veins accompanying the tympanic arteries and the branches of the facial or the glossopharyngeal nerve through the bony canals or apparatuses of the petrosal bone into the pterygoid plexus, the retromandibular vein, or the middle meningeal vein, such as the superior tympanic vein passing through the lessor petrosal canaliculus or the inferior tympanic vein passing through the tympanic canaliculus. 2, 4, 5) The venous drainage of the facial nerve is chiefly carried rostrally by the superficial petrosal vein that accompanies the great superficial petrosal nerve into the lateral part of the cavernous sinus through the facial hiatus and caudally by the stylomastoid vein via the stylomastoid foramen into the retromandibular vein. 2, 6) The internal carotid artery venous plexus is situated in the carotid canal enclosing the petrous internal carotid artery. It is rostrally connected to the inferior part of the cavernous sinus, caudally to the internal jugular vein forming one or more trunks. 7) The petrosquamosal sinus is a venous channel that is not constant but not so rare in the temporal bone. It posteriorly inner ear) through endochondral ossification. [11] [12] [13] [14] [15] The tympanic ring also contributes to the petrosal bone through the medial extension that lines its inferior surface to the carotid canal. 4) Therefore the petrosal bone can be viewed as a complex of the cartilaginous neurocranium derived from the otic capsule and viscerocranium that covers the first pharyngeal pouch from which the tympanic cavity derived. According to Padget, 1) early in the embryonic period (5 mm to 8 mm in length), a pair of primary head sinuses that drains all of the structures in the head region runs ventrolaterally to the primitive brain, dorsolaterally to the pharynx. It directly continues to the anterior cardinal vein (future internal jugular vein). The primitive brain originally drains through the primitive dural venous plexuses into the primary head sinus. The primitive dural plexuses were divided into three parts, the anterior, middle, and posterior dural plexuses, according to the corresponding area of the brain. The metencephalon (future cerebellum and pons) is chiefly drained by the middle dural plexus, which empties into the primary head sinus just caudal to the trigeminal nerve. The primary head sinus drains not only the brain but also the visceral structures that are ventrally connects to the rostral portion of the transverse sinus, anteriorly runs along the junction of the squamous and petromastoid parts of the temporal bone, and empties into the retromandibular vein via the postglenoid foramen or the pterygoid plexus through the foramen ovale. [8] [9] [10] The petrosquamosal sinus is considered to be the remnant of the embryonic pro-otic sinus derived from the stem of the embryonic middle dural plexus (a tributary of the primary head sinus, cited later) that usually regresses during fetal or the early postnatal period. 1) The unusual veins in the petrosal bone in our cases could not be included in these typical venous variations in view of their size, running course, and drainage patterns (Fig. 5) .
The temporal bone is a complex of bones with different embryological origins, and it is generally divided into three parts: squamous, tympanic, and petromastoid parts. 4) The squamous part of the temporal bone is a membranous cranium for the brain. [11] [12] [13] The tympanic part develops from the embryonic tympanic ring through the intramembranous ossification and constitutes the anterior wall, floor, and part of the posterior wall of the external auditory meatus. 4, 11, 14, 15) The petromastoid part (petrosal bone) mainly develops from the embryonic otic capsule (future When a portion of the primary head sinus which usually regresses during the embryonic stage remains in adults, it situated to the brain, mainly through the dorsal pharyngeal vein (future emissary vein of the foramen ovale) that accompanies the third division of the trigeminal nerve. The primary head sinus is originally situated medially to the trigeminal and vagal nerves and laterally to the facial and glossopharyngeal nerves and otic capsule. By the time the embryo is 10 mm to 14 mm long, the primary head sinus laterally migrates to the vagal nerve. The original route of the primary head sinus when medial to the vagal nerve is a stem of the future IPS, which receives the ventral myelencephalic vein that drains the ventral part of the myelencephalon (future medulla oblongata). The caudal part of the primary head sinus situated laterally to the cranial nerves has also been called the lateral capital vein. When the embryo is 18 mm to 24 mm long, this caudal part of the There have been some reports that have described venous anomalies in the petrosal bone concomitant with congenital dysplasia of the inner ear. [17] [18] [19] [20] The development of the otic capsule may contribute to the regression of the primary head sinus, it then appears quite probable that congenital anomalies of the inner ear accompany the persistent primary head sinus and its tributaries. Nevertheless, most studies were based on just bone CT evaluations, and did not describe the course of the abnormal veins in detail. In those studies, the relevance of the venous anomaly to the embryonic primary head sinus remains unclear. We found three reports describing a dilated vein in the facial canal; 5, 21, 22) these cases were similar to the present Case 3. Nagar et al. 22) reported on a case with a dilated vein situated in the facial canal from the genu to the stylomastoid foramen and asserted that the vein was the remnant of the lateral capital vein. Herman et al. 23) reported aberrant vascular channels in the petrosal bone without any middle or inner ear abnormalities, as identified on CT and MRI, in four cases and speculated that these corresponded to a persistent lateral capital vein. Interestingly, in their four cases, the vascular channel did not appear to be related to the facial hiatus. In their cases, the aberrant vascular channels lay between the SPS sulcus and the sigmoid sinus sulcus or the posterior genu of the facial canal. These aberrant vascular channels that they reported may not be the remnant of the entire trunk of the primary head sinus in the region. Considering their continuity to SPS, these channels may be remnants of the dural end of the embryonic ventral metencephalic vein and a part (caudal to the entrance point of the ventral metencephalic vein) of the primary head sinus through a similar process as that was speculated for the vein in Case 4. In 2002, Kim et al. reported a case of an intraosseous arteriovenous fistula situated in the petrous apex and jugular fossa area. 24) It can be inferred that the arteriovenous fistula that they reported possibly developed in a similar primary head sinus remnant as we have presented in Cases 1 and 2. Recently, Mizutani et al. have reported an aberrant vein in the petrosal bone as a drainage route of a middle fossa dural arteriovenous fistula and considered that the vein may be the remnant of the primary is probably involved in the petrosal bone (to be precise, between the bones derived from the otic capsule and first pharyngeal pouch). It has been described 1, 2) that the residual of the primary head sinus is just the lateral portion of the cavernous sinus connected to the emissary vein of the foramen ovale, superficial petrosal vein in the facial hiatus, and stylomastoid vein across the stylomastoid foramen.
The veins traversing the petrosal bone in all the four cases were anteriorly connected to the lateral part of the cavernous sinus near the foramen ovale through the facial hiatus. We then thought that these veins may be the remnants of the embryonic primary head sinus. In Cases 1 and 2, the veins entered the petrosal bone through the facial hiatus and penetrated the petrous apex to empty into the caudal part of the IPS. The running course of the veins in these cases appeared similar to the course of the primary head sinus before lateral migration to the vagal nerve, except that it was medial to the facial and glossopharyngeal nerve. Butler demonstrated a case in which the dwindling primary head sinus ran medially to the facial nerve. 16) This suggested that the primary head sinus occasionally migrates medially to the facial nerve during the developmental process. The veins in these cases may be the remnants of the primary head sinus before its migration lateral to the vagal nerve. In Case 3, the vein in the petrosal bone ran along the entire length of the facial canal from the facial hiatus to the stylomastoid foramen. This running course corresponds to the description about the residual of the primary head sinus by Padget 1, 2) as mentioned above. In Case 4, the vein entered the petrosal bone via the facial hiatus and dorsally ran to empty into the SPS. Padget 1) described that SPS is derived from the dural end of the embryonic ventral metencephalic vein that carries venous drainage from the embryonic metencephalon connecting the pial veins to the middle dural plexus as it traverses the differentiating subarachnoid layer (the subarachnoid part of the ventral metencephalic vein is the future petrosal vein). Therefore, the typical lateral end of SPS is usually at lateral portion of the transverse sinus which is derived from the middle dural plexus (Figs. 6A-6C) . However, the ventral metencephalic vein may occasionally empty into the trunk of the primary head sinus. 1) When the ventral metencephalic vein empties into the primary head sinus trunk caudally to the entrance points of the middle dural plexus stem, the stem of the ventral metencephalic vein situated in the dural layer may be involved in the petrosal bone with the primary head sinus. Therefore we speculate head sinus based on its course in the petrosal bone from the facial hiatus to the jugular bulb. 25) In our cases, there were no congenital anomalies of the ear or abnormalities in the venous pathways around the petrosal bone which may have caused the persistence of the embryonic veins. The unusual veins in our cases were incidentally found during the evaluation of other intracranial disorders without related symptoms. Therefore, the exact cause and clinical importance of these veins are unclear. But, we think that the knowledge of the presence of these unusual venous variations in the petrosal bone that can be assumed to be the remnants of the primary head sinus may be important and useful to reach better understandings and therapeutic managements, when we encounter diseases that involve them such as arteriovenous fistulas. They might be the draining routes of the arteriovenous fistula, or the transvenous access routes for the embolization.
The limitation of this study is unclear prevalence of the veins as we presented, because we found the cases sporadically in several institutions with no consistent methodology. A further systematic investigation may be required.
Conclusions
We have reported on several unusual veins that traverse the petrosal bone. These veins may be the remnants of the embryonic primary head sinus and its tributaries, considering from their running course in the petrosal bone especially rostral communication with the lateral part of the cavernous sinus around the foramen ovale through the facial hiatus.
